Oxidative stress has a ubiquitous role in neurodegenerative diseases and oxidative damage in specific regions of the brain is associated with selective neurodegeneration. We previously reported that Alzheimer disease (AD) model mice showed decreased insulindegrading enzyme (IDE) levels in the cerebrum and accelerated phenotypic features of AD when crossbred with alpha-tocopherol transfer protein knockout (Ttpa -/-) mice. To further investigate the role of chronic oxidative stress in AD pathophysiology, we performed DNA microarray analysis using young and aged wild-type mice and aged Ttpa -/-mice. Among the genes whose expression changed dramatically was Phospholipase A2 group 3 (Pla2g3); Pla2g3 was identified because of its expression profile of cerebral specific up-regulation by chronic oxidative stress in silico and in aged Ttpa -/-mice. Immunohistochemical studies also demonstrated that human astrocytic Pla2g3 expression was significantly increased in human AD brains compared with control brains. Moreover, transfection of HEK293 cells with human Pla2g3 decreased endogenous IDE expression in a dose-dependent manner. Our findings show a key role of Pla2g3 on the reduction of IDE, and suggest that cerebrum specific increase of Pla2g3 is involved in the initiation and/or progression of AD.
Introduction
Alzheimer disease (AD) is the most common age-related neurodegenerative disease characterized by the deposition of amyloid-beta (Aβ), accumulation of hyperphosphorylated Tau containing neurofibrillary tangles, reactive astrocytes and loss of synapses and neurons [1] . While there are several kinds of rare familial early-onset AD caused by gene mutations, the majority are sporadic cases with various etiologies. However, accumulation of Aβ is the initial event of AD according to the Aβ hypothesis [2, 3] . The strongest risk factor for AD is aging so its prevalence increases exponentially with age [4, 5] . Aβ accumulation is seen even in the preclinical AD brains; however, it is more robust in mild cognitive impairment (MCI) brains and is most severe in AD brains [6] . One of AD model mouse strains that overexpresses the Swedish mutant form of human Aβ precursor protein (APPsw) also shows age-related Aβ accumulation in the brain [7, 8] .
Another early pathological event in AD is increased oxidative stress [9] [10] [11] [12] [13] , which contributes to membrane damage, deterioration of synaptic plasticity and neuronal cell death [14] , suggesting that oxidative stress promotes the initiation and/or progression of the disease. We previously generated α-tocopherol transfer protein (α-TTP) knockout (Ttpa -/-) mice [15] . Ttpa -/-mice show marked lipid peroxidation in the brain because of a lack of α-tocopherol and are highly valuable as a model of chronic oxidative stress to the brain. By crossing AD transgenic model mice with Ttpa -/-mice, we obtained double mutant APPsw/Ttpa -/-mice, which showed increased Aβ deposits in the cerebrum and enhanced cognitive dysfunctions to be compared with APPsw mice. The accumulation of Aβ and cognitive deficits in the double mutant mice were ameliorated with α-tocopherol supplementation [16, 17] . Together with the fact that lipid peroxidation may be a major cause for aging of the brain [18] , oxidative stress and aging are major contributors to AD pathogenesis. Although many studies of oxidative stress on neurons and glial cells have been done using a cell culture system, the precise molecular and cellular mechanisms underlying AD pathology in vivo have not been fully elucidated. The goal of this study is to clarify the molecular mechanisms of how aging and/or oxidative stress accelerates AD pathophysiology. The region specific pathophysiological changes, Aβ deposits and neurofibrillary tangles in cerebral cortex but not in cerebellum, were well characterized using the postmortem AD brains [1] . APPsw mice also showed the distribution of Aβ mainly in cerebrum but not in cerebellum [19] . This lesion specific increase of Aβ accumulation in AD brains let us suppose a hypothesis that some molecules, which alter its expression only in the cerebrum but not in the cerebellum, have important role on AD pathophysiology. We performed DNA microarray analysis using Ttpa -/-mice and found Pla2g3 expression was significantly induced only in the cerebral cortex of Ttpa -/-mice but not in the cerebellum. Chronic oxidative stress is thought to be highly relevant to the slow progression of AD pathophysiology, thus, specificity of Pla2g3 induction in chronic oxidative condition was confirmed using Ttpa -/-mice as chronic oxidative stress model and acute oxidative stress model mice induced by traumatic brain injury and stroke. In this study, we thus provide evidence that Pla2g3 plays a role in brain region-specific changes in AD pathology under chronic oxidative stress.
Ethical statement
The Institutional Review Board (IRB) of Tokyo Medical and Dental University approved this study. We obtained written informed consent for research use of human paraffin sections from relatives at the time of autopsy. The Animal Experiment Committee of Tokyo Medical and Dental University approved animal experiments. The Ethics Committee of Tokyo Metropolitan Institute of Gerontology approved human study.
Materials and Methods Animals
Generation of Ttpa -/-mice was previously described [15] . Wild-type and Ttpa -/-mice were fed on a normal (36 mg of α-tocopherol/kg), α-tocopherol-supplemented (600 mg of α-tocopherol/kg), or α-tocopherol-deficient diet until the time of use. For the ischemic mouse model, male C57Bl/6 (18 weeks old) mice were used for the surgical procedure for left permanent middle cerebral artery occlusion [20] and used for the histological examinations on day 7 after surgery. For the traumatic brain injury model, postnatal day 2 (P2) mice were subjected to cryogenic injury as described previously [21] . Briefly, P2 pups were anesthetized by spontaneous inhalation of 2% isoflurane, and the parietal skull was exposed through a scalp incision. A metal probe (1.5-mm diameter) cooled by liquid nitrogen was placed on the right skull (0.5-mm anterior and 1.2-mm lateral to the bregma) for 30 seconds. Following this procedure, the scalp was immediately sutured and the pups were returned to the home cage and the pups were fixed after 3 days. The Animal Experiment Committee of Tokyo Medical and Dental University approved animal experiments.
RNA isolation
RNA was isolated using mirVana mRNA isolation kit (Ambion) according to the manufacturer's protocol. RNA concentration was quantified with NanoDrop Spectrometer (NanoDrop technologies) at a wavelength of 260nm and an Agilent 2100 Bioanalizer was used to evaluate its integrity.
Microarray
Gene expression in cerebral cortex and cerebellum of mice were determined using Agilent chips. To ensure higher quality results in gene expression data, we conducted microarrays on 4 mice per group. Young mice were 2 months old and the other aged mice were 29 months old at the time of use. Data were standardized using global normalization and processed by R-program. An absolute fold change threshold of greater than 1.5 was required to be considered for further analyses. Expression values were in log2 scale. The original data analysed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO series accession number GSE75047.
Cell culture
Culture conditions of HEK293 and TR-AST cell lines were described previously [22, 23] . Primary cultured astrocytes were prepared from postnatal day 0 Wistar rats. Culture preparation was performed as described previously [24] . Primary astrocytes were cultured for 2 weeks before the oxidative stress examination. HEK293 cells were used for transient transfection of human Pla2g3 expression vector (Origene). For the oxidative stress examinations, TR-AST cells were treated with 2 mM hydrogen peroxide for 6 hours, and primary astrocytes were treated with 0.4 mM hydrogen peroxide for 6 hours, otherwise, indicated in the figure legend. The culture plates of the cells were placed on ice at the harvest and rinsed with ice-cold PBS then followed by RNA extraction procedure.
qRT-PCR
Reverse transcription of RNA to cDNA was performed with the Roche Reverse transcription kit using the following conditions: 25°C for 10 min, 37°C for 50 min, and 85°C for 5 min.
Quantitative PCR was performed subsequently on the resulting DNA using Roche SYBR green master mix and the primers. All the primers were designed using Roche universal design tool and pairs of primers met with highest criteria score were selected. The primer sequences are provided in S1 Table. The PCR thermal cycling conditions are follows: denaturing step at 95°C for 5 min, followed by 45 cycles of 95, 60, 72°C for 10, 10 and 10 sec, respectively. Specificity of each primer set was checked by the melting curve analysis upon quantitative PCR. The deltaCt for mouse Pla2g3 and mouse GAPDH were subjected to simple t-test to yield the estimation of delta-delta-Ct. The relative expression changes were calculated with amplification efficiency approximating 2.
Western blotting
The temporal lobe was dissected and homogenized in lysis buffer containing 1% Triton X-100, 0.1% SDS, 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and protease inhibitors cocktail (Roche). Tissue was then sonicated using Poly Tron 2100 (Kinematica AG), and insoluble material was removed from the protein extracts by centrifugation at 10,000rpm for 20 min at 4°C. Protein content in the supernatant was quantified with the BCA assay (Thermo). Equivalent amounts of total protein were separated in 4-20% gradient SDS-PAGE gels (Wako) and transferred to nitrocellulose membranes (Millipore). Membranes were blocked with Tris-buffer saline containing 0.1% Tween 20 and 5% nonfat milk for 1 hour, then incubated with primary antibody to Pla2g3 (1:1000; Origene), alpha-tubulin (1:2000; MBL), and were then visualized with appropriate HRP-conjugated secondary antibodies.
Histology
Mice were intracardially perfused with ice-cold PBS followed by 4% (w/v) ice-cold paraformaldehyde (PFA) in PBS. The dissected brains were then post-fixed overnight with 4% PFA at 4°C. Three mice were used in each group until otherwise stated in the figure legend. Human paraffin sections of superior frontal gyrus (Brodmann area 9) were provided from Tokyo Metropolitan Geriatric Hospital and Institute of Gerontology under the material transfer agreement. We obtained written informed consent for research use from relatives at the time of autopsy. The Ethics Committee of Tokyo Metropolitan Institute of Gerontology approved human study.
Immunohistochemistry and antibodies
For DAB staining, the fixed brains were paraffin embedded, coronally sectioned, and analyzed using Olympus BX53 microscope. For immunofluorescent staining, vibratome sections were analyzed by confocal microscopy (LSM-510 META; Zeiss) [25] . DAB and immunofluorescent staining were performed as previously described [26] . Antibodies used for immunostaining were as follows: anti-Pla2g3 (1:250; Origene) and anti-GFAP (1:500; Sigma).
Quantification of Pla2g3-immuno reactive cells
To quantify Pla2g3-immunoreactive (IR) cells, six images of superior frontal gyrus including the molecular and external granular layers were captured per paraffin section. Images were taken at × 200 magnification and analyzed with ImageJ software to quantify Pla2g3-IR cells. The result of quantification was expressed as number of cells/450 × 325 μm.
Statistical analysis
All data values are presented as the mean ± S.E.M. At least four mice per genotype were used per experiments. Student's t tests were applied to data with two groups of samples. One-way ANOVAs were used for comparisons of data with more than two groups and were followed by the Turkey-Kramer post hoc test for significance. A p value of <0.05 was considered statistically significant. Data were analyzed using GraphPad Prism for Windows. The Institutional Review Board (IRB) of Tokyo Medical and Dental University approved this study.
Results

DNA microarray analysis in mice under oxidative stress
The causes of Aβ accumulation in sporadic AD are not fully understood, but oxidative stress is involved in this process. To investigate the role of chronic oxidative stress on AD pathophysiology in vivo, we employed Ttpa -/-mouse line that has marked oxidative stress due to vitamin E deficiency in the brain. Our previous reports showed the accelerated accumulation of Aβ in the cerebrum of APPsw/Ttpa -/-double mutant mice [16] , and the double mutant mice showed earlier and more severe cognitive dysfunction than APPsw mice [17] . Consequently, Ttpa -/-mouse is thought to be suitable to study the role of oxidative stress in AD pathophysiology.
To find the candidate genes implicated in the acceleration of AD pathophysiology, we performed microarray analysis using Ttpa -/-mouse cerebrum and cerebellum (Fig 1A) . First, we compared 29-month-old Ttpa -/-mouse cerebrum with age-matched wild-type mouse cerebrum and found 273 up-regulated genes and 267 down-regulated genes by oxidative stress. Next, we compered 29-month-old wild-type mouse cerebrum with 2-month-old wild-type mouse cerebrum and found 879 up-regulated genes and 509 down-regulated genes by aging in the cerebrum. Among those genes, 13 genes were up-regulated both by oxidative stress and by aging in the cerebrum and 6 genes were down-regulated in the same manner. Further, we compered 29-month-old wild-type mouse cerebellum with 2-month-old wild-type mouse cerebellum and found 1655 up-regulated genes and 573 down-regulated genes by aging in the cerebellum. We excluded 454 genes that were up-regulated by aging both in the cerebrum and in the cerebellum and 51 genes that were down-regulated in the same manner from this study. Then, we finally found nine genes which were differently expressed by oxidative stress and aging only in the cerebrum but not in the cerebellum. Five genes, Fcgbp, Gm3448, Mybpc2, Pla2g3 and Tcp10c, are significantly up-regulated in the cerebrum both by normal aging and by oxidative stress without any significant changes in the cerebellum by normal aging (Fig 1B) . Also, four genes, Car8.1, Car8.2, Gm2252 and Tsga10, are significantly down-regulated in the cerebrum both by normal aging and by oxidative stress without any significant changes in the cerebellum by normal aging (Fig 1C) . Among those genes with significantly changed expression by array analysis, Pla2g3 is the only one that has been reported to be involved in Alzheimer's disease and we first focused on this gene.
Induction of Pla2g3 expression in cerebrum by oxidative stress
We confirmed that Pla2g3 mRNA was significantly increased in the cerebrum of wild-type and Ttpa -/-mice fed with vitamin E deficient diet compared to wild-type mice fed with normal diet by qRT-PCR (Fig 2A) . In contrast, the expression of Pla2g3 mRNA was not affected under oxidative stress in cerebellum (Fig 2B) . The increased Pla2g3 protein expression in cerebral cortex by oxidative stress was also confirmed by western blot (Fig 2C) . Thus, Pla2g3 could be one of candidate genes involved in this region specific acceleration of Aβ accumulation by oxidative stress and we studied its role further in the following experiments.
The expression of Pla2g3 in astrocytes is dramatically increased by oxidative stress
It has been reported that Pla2g3 is expressed in variety of cell types in many organs including brain [27] . To characterize the expression pattern of Pla2g3 in the brain by oxidative stress, we carried out immunofluorescence study. Pla2g3 signals were weak and disperse and were mostly co-localized with astrocyte marker, GFAP, in the cerebral cortex of wild-type mice (Fig 3A and  3B) . On the other hand, the active astrocytes were observed in the equivalent area of Ttpa mice cerebral cortex and the intense Pla2g3 signals were induced in those active astrocytes ( Fig  3C and 3D arrowheads) . Pla2g3 induction was not observed in an acute oxidative stress accompany with the gliosis by ischemia (Fig 3E and 3F) or traumatic brain injury (Fig 3G and 3H) to the cerebral cortex, suggesting that the chronic oxidative stress is a key condition to induce Pla2g3 expression in astrocytes in vivo.
Overexpression of Pla2g3 reduces IDE expression
We previously reported that the clearance of Aβ from brain was decreased in Ttpa -/-mice compared with wild-type mice, mainly due to the decreased expression level of IDE [17] . Surprisingly, IDE expression was significantly decreased in TR-AST cells after exposure to hydrogen peroxide in both a time-dependent and dose-dependent manner (Fig 4A) and IDE expression of rat primary astrocytes also showed extremely high sensitivity to hydrogen peroxide (Fig 4B) . To further study the possible role of Pla2g3 in the accumulation of Aβ, we overexpressed Pla2g3 using a cell culture system to examine whether Pla2g3 affects the endogenous expression level of IDE. Because of low transfection efficiency of primary astrocytes and TR-AST cells, we employed HEK293 cells to yield high transfection efficiency that also express IDE endogenously. In HEK293 cells, IDE expression was significantly reduced by the expression of Pla2g3 dose-dependently after 48 hours (Fig 4C) . This indicates that Pla2g3 might be implicated in the accumulation of Aβ through the suppression of IDE expression.
Increased expression of Pla2g3 in AD patients
We next examined the expression of Pla2g3 in AD patients. DAB staining using anti-Pla2g3 antibody showed only weak and diffused staining in frontal cortex of normal control brains (Fig 5A) . On the other hand, in AD brains, the intense Pla2g3-immunoreactivity was observed in the external granular layer (Layer II) and the signals were spread to the deeper layers. The quantitative analysis of Pla2g3-immunoreactive cells demonstrated significant increase in cerebral cortex of AD (Fig 5B) . Immunofluorescence studies revealed only disperse staining of Pla2g3 in normal controls (Fig 5C) as compared to the intensive Pla2g3 staining co-localized with GFAP signals observed in AD patients (Fig 5F and 5H arrow heads) , indicating that Pla2g3 expression is promoted mostly in astrocytes of AD patients. Together with the earlier findings, Pla2g3 might be involved in the initiation and/or progression of AD through IDE suppression in astrocytes.
Discussion
The lipids of the brain, such as phosphatidylcholine, are integrated in the phospholipid membrane of brain cells and at one time were believed to have only a structural role. PLA2s are a diverse family of enzymes that catalyze the cleavage of fatty acids at the sn-2 position of glycerophospholipids to generate lysophospholipids and free fatty acids including arachidonic acids, which are important second messengers in signal transduction [28, 29] . PLA2 are categorized into three groups, Ca
2+
-dependent cytosolic PLA2 (cPla2), Ca 2+ -independent PLA2 (iPla2), and Ca
-dependent secretory PLA2 (sPla2) which includes Pla2g3. It has been established that brain lipids participate both in the function and in structure of brain cells and PLA2s play a key role not only in physiological events but also in pathological events such as neurogenesis [30] [31] [32] and neuronal cell death [33] [34] [35] [36] [37] [38] .
In the present study, we demonstrated that Pla2g3 expression is increased in cerebral cortex but not in cerebellum by chronic oxidative stress with vitamin E deficiency. Pla2g3 is expressed both in neurons and astrocytes but oxidative stress-induced Pla2g3 expression is predominantly in astrocytes in the cerebrum. It is particularly noteworthy that this increased Pla2g3 expression is absent in the astrogliosis induced by the ischemia or traumatic brain injury to the cerebral cortex, indicating that not the acute oxidative stresses but the chronic oxidative stress is the essential factor for induction of Pla2g3 expression in vivo. Moreover, Pla2g3 expression is not associated with the formation of reactive astrocytes. This brain region-specific astrocytic induction of Pla2g3 may be due to the regional differences of vulnerability to the accumulation of oxidative stress during aging. In fact, cerebellum has been reported to be more resistant to oxidative stress than hippocampus and frontal cortex of human brain [39] , which provides a rational explanation for the cerebral cortex specific induction of Pla2g3 we observed. Additionally, Pla2g5 and iPla2 did not increase significantly and Pla2g2e was not detectable by oxidative stress in vivo despite a marked simultaneous increase in TR-AST cells after hydrogen peroxide treatment (S1 Fig), suggesting that the regulation of PLA2s gene expression varies among the family to support the complex lipids metabolism in the brain and each PLA2 might execute distinct cellular processes.
PLA2s participate in a variety of physiological processes, including remodeling of cellular membranes, signal transductions and host defense. Pla2g3 is expressed in a wide variety of organs but is most abundant in testis and brain [28] . Human Pla2g3 has been suggested to be involved in atherosclerosis in apo-E deficient mice [40] , and its overexpression causes spontaneous skin inflammation in human Pla2g3-transgenic mice [41] . Recent study has shown that Pla2g3 plays a key role in maturation of mast cells in vivo [42] , indicating Pla2g3 modulates gene expression profile in certain cells. However, the function of Pla2g3 in the brain has not been fully understood. Bee venom Pla2g3 has been demonstrated to cause apoptosis in rat primary cortical neurons [43] although human Pla2g3 has pro-survival effects on PC12 cells and promotes its neuron-like differentiation [33] . In the current study, human Pla2g3 transfected HEK293 cells also did not show any apoptotic signs after 48 hours of transfection (data not shown). Moreover, despite the profound induction of apoptosis observed in the region of ischemia and traumatic brain injury site of the mice, no induction of Pla2g3 expression was observed in this time course. Together with previous reports, our results indicate that Pla2g3 is not directly involved in apoptosis so that there may be a functional difference between bee venom and human Pla2g3. It is of note we found that human Pla2g3 is capable of reducing IDE expression in vitro. Expression of many genes including proteases, cytokines and chemokines are affected by Pla2g3 and those changes are considered to be mediated by bioactive lipid mediators [44] , thus, IDE expression could be influenced by the lipid mediator pathways acting directly downstream of Pla2g3. Although other PLA2s are possibly capable of reducing IDE expression because of the same enzymatic activities they possess, they are less likely to be involved in AD pathophysiology since either their expression was undetectable by qRT-PCR or unchanged by chronic oxidative stress (S1 Fig). AD is a progressive neurodegenerative disorder, which leads to the most common causes of dementia. The alteration of amyloid precursor protein (APP) processing, the aggregation and/ or clearance of Aβ can be considered crucial in the progression of AD. We previously reported that the production of Aβ was not changed but the clearance of Aβ from brain was prominently decreased in APPsw/Ttpa -/-double mutant mice causing accelerated Aβ accumulation compared with APPsw mice, indicating that oxidative stress has a profound effect on Aβ clearance. One of enzymes involved in Aβ homeostasis is IDE, which degrades Aβ and plays a role on Aβ efflux from brain [45] . In Ttpa -/-mice, IDE expression is markedly decreased compared to wild type mice. We demonstrated that overexpression of human Pla2g3 suppresses IDE expression in a dose-dependent manner. Therefore, we presume that Pla2g3 is one of the responsible factors for the acceleration of Aβ accumulation through decreased IDE expression. As a robust IDE expression in human astrocytes has been also reported [46] , induction of Pla2g3 expression may reduce IDE expression in astrocytes although previous studies of IDE regulation in AD gave inconsistent results, which showed either reduction [47] [48] [49] or induction of IDE in AD [50] . We could not exclude the possibility that not only suppression of IDE, but also human Pla2g3-induced inflammation [41] and neuronal cell death [51] would be closely related to the progression of AD pathophysiology. Crossing APPsw mice with Pla2g3 knockout mice could be another possible study to comprehend the further role of Pla2g3 involved in AD pathology. In summary, our data indicate that Pla2g3 plays a pivotal role in suppression of IDE. Thus, increased Pla2g3 expression in the astrocytes by chronic oxidative stress may disrupt Aβ homeostasis, which ultimately leads to the initiation and/or progression of AD. Consequently, the Pla2g3 and IDE pathway could be a suitable target for the development of novel treatment strategies for AD.
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